An irreducible cohomological derivation of the Freedman-Townsend vertex in four dimensions is given.
associated with the reducible one and show that we can substitute the reducible symmetry by the irreducible one. Second, we consistently deform the solution to the master equation associated with the irreducible BRST symmetry. In this manner we obtain precisely the well-known Freedman-Townsend vertex [13] , the deformed gauge symmetries and also the deformed solution to the master equation. However, our deformed solution to the master equation differs from that obtained in the literature [14] - [17] by the fact that on the one hand our method introduces some additional fields (necessary at the construction of the irreducible BRST symmetry) which do not contribute to new type of couplings, and, on the other hand, the deformed BRST transformations resulting from our formalism do not involve the antifields due to the absence of terms quadratic in the antifields in the deformed solution to the master equation, so the gauge-fixed BRST symmetry is off-shell nilpotent. To our knowledge, such an irreducible procedure for the Freedman-Townsend model has not previously been published, our method establishing thus a new result.
The starting point is the Lagrangian action for abelian two-form gauge fields in first-order form (also known as the abelian Freedman-Townsend model) 
The reducible Lagrangian BRST symmetry corresponding to the model described by action (1), s R = δ R + γ R , contains two main pieces, namely, the Koszul-Tate differential δ R and a model of longitudinal derivative along the gauge orbits γ R . In the case of our model, the generators of the KoszulTate complex are the fermionic antighost number one antifields B * a µν and A * µ a , the bosonic antighost number two antifields η * aµ and the fermionic antighost number three antifields C * a . The definitions of δ R read as
The introduction of the antifields C * a is implied by the necessity to 'kill' the non trivial antighost number two co-cycles µ a = ∂ µ η * aµ in the homology of δ R . The longitudinal complex contains the pure ghost number one fermionic ghosts η aµ and the pure ghost number two bosonic ghosts for ghosts C a . The definitions of γ R read as
Extending δ R on the ghosts through δ R η aµ = 0, δ R C a = 0, and γ R on the antifields by γ R A * µ
where H 0 (s R ) represents the zeroth order cohomological group of s R .
The main idea underlying our construction is to redefine the antifields η * aµ in such a way that the new co-cycles of the type µ a identically vanish. If this is done, then the antifields C * a are useless as there are no longer any non trivial co-cycles at antighost number two. In this way, we infer an irreducible Koszul-Tate complex, which further leads to a longitudinal complex that contains no more the ghosts for ghosts C a . Accordingly our idea, we redefine the antifields η * aµ like
where M aµ bν are taken to satisfy the conditions
With the help of (4), (7) and (9) we find that
The last equations do not further imply non trivial co-cycles because the new co-cycles of the type µ a identically vanish via (8), hence we passed to an irreducible situation. In (10) we employed the notation δ instead of δ R in order to emphasize that the Koszul-Tate complex becomes irreducible. The solution to (7) (8) is expressed by
where 2 = ∂ λ ∂ λ . Substituting (11) in (10), we get
At this stage we introduce some scalar fields ϕ a whose antifields ϕ * a are demanded to be the non vanishing solutions to the equations
The non vanishing solutions ϕ * a enforce the irreducibility as (13) possess non vanishing solutions if and only if δ (∂ µ η * aµ ) = 0, therefore if and only if µ a are no longer co-cycles. Using (12-13) we find that
In order to preserve the nilpotency of δ we set
If we maintain the actions of δ like in the reducible case
and define δϕ a = 0, 
such that the dependence on ϕ a is trivial. On the other hand, with the help of the original gauge transformations and (14), it results that the gauge transformations of the irreducible system are expressed by
In this manner, we derived an irreducible theory based on action (19) and the irreducible gauge transformations (20) associated with the abelian FreedmanTownsend model. From (19) we notice that the newly added fields ϕ a are not involved with the Lagrangian action of the irreducible theory, hence they are purely gauge. As a consequence, the physical observables (gauge invariant functions) of the irreducible model do not depend on the ϕ a 's and, in addition, are invariant under the gauge transformations δ ǫ B µν a = ε µνλρ ∂ λ ǫ ρa , δ ǫ A a µ = 0, so they coincide with the physical observables of the original redundant theory. The construction of the irreducible longitudinal differential along the gauge orbits, γ is realized via the definitions
such that γ is nilpotent, γ 2 = 0, without introducing the ghosts for ghosts. If we extend δ to the ghosts through δη aµ = 0 and γ to the antifields by γB * a µν = 0, γA * µ a = 0, γϕ * a = 0, γη * aµ = 0, then the homological perturbation theory [18] - [21] guarantees the existence of the irreducible BRST symmetry s I = δ + γ that is nilpotent, s 2 I = 0, and satisfies the property H 0 (s I ) = {physical observables}, where 'physical observables' are referring to the irreducible system. As we previously mentioned, the physical observables corresponding to the reducible and irreducible formulations coincide, which leads to H 0 (s R ) = H 0 (s I ), and moreover, the two Lagrangian BRST symmetries are nilpotent s 2 R = 0 = s 2 I . By virtue of the last two relations we conclude that the two symmetries are equivalent from the BRST point of view, i.e., from the point of view of the basic equations underlying the antifield-BRST formalism. In consequence, we can replace the reducible Lagrangian BRST symmetry with the irreducible one in the case of the model under study.
With the above conclusion at hand, we pass to the deformation procedure of the irreducible version in the context of the antifield formalism [5] . A consistent deformation of the free action S 
, then the deformed solution to the master equation
satisfies S ,S = 0, where
and α = α 0 + B * a µνβ µν a + ϕ * aβ a + 'more'. Here, 'more' stands for terms 'of antighost number greater than one. The master equation S ,S = 0 holds to order g if and only if
for some local j µ . This means that the non trivial first-order consistent interactions belong to H 0 (s I |d), where d is the exterior space-time derivative. In the case where α is a coboundary modulo d (α = s I ρ + ∂ µ b µ ), then the deformation is trivial (it can be eliminated by a redefinition of the fields). In order to investigate the solution to (24) we develop α accordingly the antighost number
where the last term from the sum can be assumed to be annihilated by γ.
Because the free theory is irreducible, we can assume that α stops at antighost number one, i.e., α = α 0 + α 1 , with α 1 = α aµ η aµ , where α aµ pertains to H 1 (δ|d), hence is a solution of the equation δα aµ + ∂ ρ λ aρµ = 0. Like in the reducible case [12] , H 2 (δ|d) does not vanish, but the term α 2 can be shown to vanish. Indeed, on the one hand α 2 is of the form α 2 = α abµν η aµ η bν , where α abµν belongs to H 2 (δ|d). On the other hand, the most general element in H 2 (δ|d) reads as
with g cd the inverse of g cd , which further gives that α abµν = α a h bµν , where h bµν are some constants. By Lorentz covariance α abµν must vanish, therefore α 2 also vanishes. Let us investigate now the term α 1 . The general form of an object from H 1 (δ|d) that is annihilated by γ reads as 
On the other hand, we obtain
If we compare the last equation with (24) at antighost number zero (i.e., with the equation δα 1 + γα 0 = ∂ µ n µ ), it follows that
Thus, the deformed solution to order g reads as
If we compute the antibracket S ,S we obtain
where [bcd] expresses the antisymmetry with respect to the indices between brackets. If we denote the term in g 2 from (22) by g 2 d 4 xb, then the interaction is consistent to order g 2 if and only if u = −s I b + ∂ µ k µ [5] . However, from (31) we see that u cannot be of that form, and so it must vanish. This means that the constants C a bc must fulfill the Jacobi identity
hence must define the structure constants of a Lie algebra. In this situation (31) vanishes, soS (which is only of order g) is a solution of the master equation without adding higher order terms in g (the vanishing of u implies that all the higher order terms vanish). The terms fromS that do not involve the antifields, S In addition, we have derived a class of gauge transformations for ϕ a . We remark that the functions f cµ (A) are still undetermined. They must be in such a way that the deformed gauge transformations are irreducible. A choice that preserves the irreducibility and, in the meantime, makes manifest the nice structure represented by the covariant derivative is
The solution (30) with f cµ (A) replaced by A cµ differs from that obtained in the literature by many authors [14] - [17] in the reducible framework. The solution (30) does not contain terms that are quadratic in the antifields (like in the reducible situation), so the irreducible BRST transformationss I F = F,S do not involve the antifields, such that the gauge-fixed BRST symmetry does not depend on the gaugefixing fermion, by contrast with the reducible setting. In consequence, our approach leads to a gauge-fixed BRST symmetry that is off-shell nilpotent. Indeed, we have thats I B b a η bµ , s I η aµ = 0. In the meantime, the absence of the term quadratic in the antifields will consequently imply the absence of the three-ghost coupling term in the gauge-fixed action, such that the gauge-fixed action in the context of our irreducible approach takes a simpler form. This completes our irreducible procedure for deriving the Freedman-Townsend vertex.
To conclude with, in this letter we have exposed a cohomological approach to the Freedman-Townsend model consisting in two basic steps, namely, the construction of an irreducible BRST symmetry for the abelian version and the subsequent deformation of the irreducible theory. The results arising in our irreducible procedure prove the uniqueness of the Freedman-Townsend vertex in four dimensions (which has also been derived in [12] , but within the reducible background) and also lead to a deformed solution of the master equation that has not previously been derived in the literature. In this light, our irreducible approach represents an efficient alternative to the reducible version exposed in [12] .
